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DESIGN AND PIRFORMANCE OF A VARIABLE
GEOLIIRY DIFIUSER FOR AN
AXICYMMNETRIC WIND TUNNEL

by

Jawes Burley Kyser
SUMMARY

To prevent the lerger wecond throat area required for starting a oupers
gonic vind tunnel from penalizing the performance during the entire run, o
diffuner wag conotructed with a movable certerbody, After the normal chock
had been owallowed during otarting, the centerbody was moved forward, thue
conutricting the flow arcaat the second tihroat, This allowed the normal
shogk, or ghock oystem, to occur at a lowor tauch Number, and therefore, roduced

tho losogy.

Exioting theory waa not sutiafactory for the solution of the flov field
between the first reflectlon of the centerbody bow shock and the gocond throat,
o {1t wao asswred that thla reglon wae twoedimensional in rature. The boundary
loyer in thio reglon vao preocumed to be unaffested by tho ohock reflections.
Experimental dato indlcated that the cecond throat Mach Humber wao betwoon
5436 und 3.06 inotend of ono as predicted by the design, The magnitude of
thiy diserepoancy indicated on error in tho assumption thut the refleeted shock
waves had no effcet on the boundary layer. lowever, even if no errors had baen
preocent, the entropy rise across the shock pattern upstroam from the vocond
throot would have prevented the Mach Nunber from being reduced to unity.

All teoto wore conducind in the 4,5-irz2a uwlmaetor axioymmoirie tunnel
of the Aeronechanice Division of Defenwe Resenrch Laboratory. This tunnol 4a
located at tho Balconca Research Center of Tha Uadversity of Texas,
Austin, Texas. The tunnel lo of the intermittent-flow type with & test section
Mach Number of 4.8). With the variable goometry diffuser the muximun runnirg
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time vwas 87 scconds, as compurcd to 30 seconds with original diffuser. Low-
ever, a 0.,09%-.nch-dlareter yrobe extending from one wall of the teast section
vas Tound to reduce the running time from the waximum of 87 seconds (vith

the teat section empty) to 22 seconds, whereas an eighth-inch thick wedge-
shaped survey rake [with 45 degrec vertex angles) extending across the entive
teat section reduced the running time to 35 seconds. Thie indicates that
proper wodel design and perhaps oymmetry are ag impeortant as proper aiffuacr
deslgn. Since tha optimum area ratio varied with the medel in the test sectionm,
it was concluded that the model was an impertant factor that should be con-
nidured in any futwre diffuser design.
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YOLINCT ATTRE
{230 w0 ollicrviade noted)

" - ¢rogs Jectlonal urea, aquare incles

o - locul spced of gound, fps

Cp - r2an gkin friction coefficient
C6 ~ tarpersture recovery factor

H - boundary layer shape parameter
L - characteriotic length, feot

li « Mach Nuber

r - Stabic pressure {units noted)
Pe - end pressure, ie, highest pressure ocourrirn.: in diffuser
R = Reynolds Number

M - polar coordimates (ilgure 4)

T - temperature, degrees Rankine

t - temperature, degrees Fohrerhelt

w,v,v, - velooliy compunents, Carieslen coordinates (Figure &)

v ~ veloclty, fpa

VL » limiting velocliy, fpo

LM velocity componenta, polar coordinates, (Figure Iy
X¥,2 - Carteoian cowm lneieo, (Flgure i)

) = boundary layer thlckooos, inche

g
[}

boundary loyur diloplocement thicknesu, incheu

shock angle, degrees

rotlo of wpecific heats, 140 Tor alr
local denoity of wir, slugs per cubic foot
boundary layer mementwn thickness, inghes

© VD W =
LI ]
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Bar over oymbol denastea averare conditions.
Superscripto:  { )Jencles throat condltions

1

) denotea reference conditlons

Subscripts: denotes settling chamber conditions

(

(),

{ )l_gcorreapond to rugions defined in Figuse 6
P°1_°9denote total prossures in regions defined

in Figure 6
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INTROTUCT ION

The procedures involved in the design of & variable geometry diffuser
for an axisymuetric wind tunnel are presented in this report, Alco included
is o compuricon of theoretical and exporimental performance of the diffuser.

The diffuoer was designed and constructed to replace the exioting fixed
ceomctry diffuser {n the 4.5-inch test oection diameter axisym.etric tunnel
opernted under Defenoe Research Laboratory Contract NOrd«9195 at the Balcones
Regearch Center of The Univeruity of Texas in Austin, Texes. The tunnel
iu of the intermittent flow type und hoo o teot soction Mach Number of k.89,
With the original diffuecr, rung of only 30.veconde duration could de uade,
Thio proved inadequate for obtaining certadn data, oo an improved diffuser
wao accesosary for mucccugiul omeration of the tunnel.

Although a diffueer cannot prevent a normal shock wave or shock oyotem
from occurring in the trunultlon irou swperoonic to wwboonic flow, 1t can
reduce tlhic Much Nunber at which tho normal oliock occurs, and, therer re,
reduce the looowvn reesulting {rom the vhock. While the tunnel s otrarting tho
normal shock 10 located in the teot scetion nt o high Moch Number, Thin
caMIGE & BovVere cntropy rise and conuecquently allows very little contracticn
in the second throat. While the tunnel is operating, the diffuser may reduce
the Mach Number almost to unity bvefore the normal shock occurs. Thus, the
entropy risec ig leoaw wevere, and greater contraction may be utilized,

Since o fixed geometry diffuser must have a sufficiently omall
contraction to allow for otarting, the Mach Number at the second throat
(vefore the norwal chock) will be hlgh enough to causa lorge energy lousaen,
Therelore, in forming the sccond throat, a movable centerbody was uoed in
preference %0 o fixed geometry diffuser. It was hoped that the higher otutic
Lresoure downotream from the second throat would exert asufficient force éon
the centerbedy to move it forward from the starting position to the operating
position. This action would allow for the larger arca required for stariing,
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uithout vennlizing or interfering with pregoure recovery turoughout the
~gired automatic natwre of this tyue of diffuser would
. tunnel such g t'e on . question.

PRV

+ proccdures

WU W iy '.‘.iilplC'tUly satiefac’
af't of the centorbody

wnvolved in thie deoign., 4n particular, the regic.
bow ashock was asaumed .0 be two-dimensional in nature, oand effects of the

retlected shocks on the boundary layer were neglected. Experimental data

arc givent help determine the valldity of these assumptions and to cvaluate

the performance of the diffuser.
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CENIRA!. DFJICN CONSTIDIRATION

It was deoirable to concuiruct the diffuucr go that 1t could be placed
in the tunncl circuit with a minimum nunber of changed. This required un
aogembly with o total length 48 inches. Iowever, the initiol 6 inches vag
left clear to allow for the mounting oi' . .cls in the test section, and thu
lust 8 incheo wus required for fus.ening the centerbody mount, This lef't
34 inches for the working vection of the diffweer which obvioualy wao in-
sullicient for complete supersonic and ovubsonic diffuwolon. Therefore, it wus
decided %o concentrate on gupereonic diffusion and mako 1t ac efficlient
ao posuible, even at the expenwe of subaonic diffusion.

The initlal portion of the outer shell was constructed as an extenoion
of the cxloting teat section, with a boundary layer dilsplacement thickmoss
correction of db% / dx = 0.0081k inches per inch cs given by Reference U,
Although thia velue admittedly changed acroso each reflected ghiock wave, it
vag believed that the offenb of the changes would not be great enough
to alter significantly the boundary layer in the 4-inch section bevwcen
the {irogt chock reflection und the second throat. Since no theory ir known
to exiot for the case of boundary layer-shock wave inter-action, any
aogumption would be strictly a gucss,

A cone with a scmi-vertox angle of 10 degrees, uncorrected for boundary
loyer growth, was sclected for the nose of the centerbody. The value of 10
degrees was chosen for the semi-vertex angle because Reference 1 indicatcs
that a lorger angle would result in a far preater veloclty decrense acrosas
the bow shock. This would rean a otrong shock instead of a weaker one
which would more nearly approach an isentropic proceas,
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The portion of the outer shell just al't of tie second throat was a
12-lnech transition from the 4.820-inch~-diameter tect scction extension to
the G.25-inch-dinmeter oxhaust.pipe. The trancivlon section had u to,r of
0.0588 inches per inch. In the region aft of the second throat, the voundary
luyer displacewent thickness was assumed conutant with a value equal to tha’
at the second throat.

Rerorence 5 indicates that thera shouwld be a very slightly divergent
puguage Just downstream from the second thyoat to allow subsonic flow to be
completely eatablished. Although a method of determining the length of this
yadsace wao precented, It vas not utilized becouwae it gave o Zongth of rer~
for the sccond throat Mach Number of unity, Because of the probability that
tle iach Number would not be reduccd to unity at the vecond throat, this
pousage vwan arbitrarily made 6 Inches long, diverging by sbout 1.5 degroecu.
Thig eatablished a slope of 0.03% inchea per inch on the centerbedy for &
inches aft of the sccond throat, The fvllowing 6 Inches of the centerludy
wou eylindrienl with a diaweter of 4,185 Ineheo. It wag then boatetailed
and texoinated abruptly dus to gpace conulderatlona.

The centerbody wag rounted on a 27-inch lenghin of 1,50 inch double-
extra-heavy stcel plpe machined to a 1.800 inch outeide dlamater. A e llar
voau threuded on one end to provide a ctop 5 incieo forward of the deasiygned
operating positlon, Thls vas done in order that contraction ratios (roater
than the theoreticol maxiumwm could be tested.

Six 0.60%-inch dianmeter stuel rods were welded to the mount to previde
o means of volting it in the tunnel, The center of the pipe wus left open
1o allow the hisher pressure at the downstream end to assist the motion of
the centerbody from the ctarting to the running poaition. The opening
in the pipe wvlso wan wweful in the inotallation of the ceatervody poesitioning,
mechanion,
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Pigure 18 is a schematic drawing of the diffuser assembly showing the
positioning mecuaniom. The positioning rod shown was a 0,625-inch dianeter
nonel tube., The centerbody static pressure taps were connected to the
monomcter board by plastic tubing which ran through the center of the
positioning rod., Filgures 19 and 20 are detail drawingas of the outer shell,
and the centerbody and centerbody mount agsemblies. The locations of all
otatlc pressure taps are shown on these drawings, and the corresporling
manometer tube numbers are indicated.




1k February 1976 DRL-370, CF-2480
JBK: bgh A2.

DETERMINATION OF SECOND THROAT AREA

The purpose of this section is to explain rather completely the
theoretical design procedures involved in determination of the second throut
area., In order to Keep this section as conciee as possible, derivations
found in most textbooks bave been ommitted, The flow in the second threat
arcu vwas agsswied to be composed of u viscous flow field comprieing the
boundary layer displacement thickness of both the centerbody and the outer
shell, and a potentianl flow field for the remaining area. The shock waves
vere aosumed $o be reflected from the diwplacewmwent thickness of the boundary
loyer.

POTENTIAL FLOW TIELD

The flow in the test section and test cection extension wno asswncd
to be uniform with a Mach Nuwber of 4,89, The petential flow reglon lhere
vas & cylinder 4.08l inchieo in diameter, bounded by the displacement thicke
neoo of the boundary layer along the outer uvhell,

The methods for solution of the flow around a cone are progented
ruother completely by Ferri in Reference 1 and, thercfore, will be only
briefly diccusced in thio vection. Since the limiting velocity, unlike
the local speed of sound, does not change acrosa a shock vave, the ratio
of the local velocity to the limiting velocity was used frequently in thio
devolopment instead of the Mach Number in order to eimplify calculations,
The limiting velocity 1o defined as the volocity that would be obtained if
the flov were expanded to a zero absolute pressure, It 45 given by
Reference j ag:

vy = 2.236 3




14 February 1956 DRL-370, CF-pLCO
JuK:bgh -13-

For the cssumed scottling chamber teupereture of 60°F, VL vag found to be
2504 fps.

By en 1lteration process, the shock angle for a l0-desree ¢one in a
uniform flow field of Mach 4.884 was Tound to be 15.75 degrees. The initial

peint on the hodograph diagraw was determined by the relation,

v

v
BE § cos ng
vV

vhich stateg that the velocity component in the direction of the shock
cannot change across the shock, and the relation,

- -

' 2
My -1 v, cot ng | A 1
STl ¥ ‘ T

whlch ig derived from the law of conservation of energy across the shock.
The values found by these equations were:

v

r
= u 0,877
K

-V

. 0,1568
VL
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succeediﬁg shocks wuaaouumed bo be 10 degrees in accordance with tae two-
dimensional theory. However, a l(-degree deflection across the sheok
between regions 8 and 9 was not compatible with sonic flow aft of bt
shock. The criterion of sonic flov wauy taken as the basis for establiohing
the prepertieas of the shook. At the vecond throat, & normal shock vas
acoumed to exlat. Velocities and property volues aoross all shock waveo
are given in Table 1.

The potential flow second tlroatarca ratio, Al* , vag shown to be squal

A*
9
to the pressure ratio, Fog , end had a value of 0.796. Since the nozzle
Foy

throat had an area of 0.570 square inchen, the potential flow second throat
area was 0.716 inchea.

YISCOUS #£1.0W WIELD

The boundary layer ¢laplacerent thicknecs on the outer shell wau tuken
to be that found by Harinecs In Refurence k. Thiz value waa bx/x = 0.00814
inches per inch, and its validity .ad been cotablishod by tewto mude in the
tunnel.

The boundary layer dioplacement thickneso on tho cone was found by a
combination of metiods given in Refercnce 7 and 8, According to Referennc 8,
the local skin friction cocfficient (and therefore the mean skin friction
coefficient) for o cone 1o the vame as that of a lat plate if the cone
Reynolds Nwiber iy divided by 2. The repreuentative values of Po s 05 paia
and to = 60% vere used to detormine the Reynolds Nwnber at the base of the
cone.
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Reference 1 gives the redius of curvature of the hodograph diagram as

IE cot n + 22
R_ L L
i 2y @
L . Ve
l -
Yy -1 2,2 2 2
1wl ey Ny

Increments of about 2 degrees were taken, und the hodograph shown in
Figure 5 wvas constructed.

Although the flow wao conicul in nature in region 2 (Figuwre 6), this
wags not the case in region 3. In order to avoid the complexitiea of an
exact solution aft of region 2, an average velocity was found by the
following relotions:

2

o P1% Ay , LaPii Ay

— s Ce— ; - ettt
PG Vo opPaVihy

Thiese relations state that the total momentum in the direction in question
divided by the maoo flow in that dlrection ylelds the average velocity.
Average properties were found by acouming adiabatic compression of the flow
from conditiong Juet aft of the initial shock and corrceponding to the
average veloeity and flow angle. Tiias wns done with the aid of the
Prandtl-Meyer tables. glvon in Rofercence 3.

The shock wave between reglons 2 and 3 (Fipwre 6) was assumed to be two-
dimensional in character. Prior to che a. wck, t.e average flow direction
Tormed a 7.85-degree angle wit. the centerlire of the tunnel. However, after
the shock, the {low direction vas assumed to be parallel to tho center-line. {

Property chanzes across the shock were found with the ald of shock
tables given in Reference 3. The flow deflection acrvas each of the
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The Reynnlds Number ia

R o B

po?

and the valuco given in Table 2 for flow at the swicce of the cone are:

M= 4,005

p = C.000423 ulua/ft3
V= 2216 1,8

T = 124 R®

The viscosity wes calculuted by uoing Cope and Hirirce's equation

/9

wos ' (T)
Tl
vhere ' and T' vere taken from Reference 1l ag

b' e 100 x 1077 1b - sec/ft?, and
T = hOOo R

vhen thooe values verw subatituted .nto the Cope and Hnrtree equation, the
reault vas ¢ = %5.3 x 107 1 - aec/fte = 1.10 x 1077 slug/ft sec. The
meen okin friction coefficient was evaluated at the buie of tho cone where
L = 0.953 feet. This gove & Reynclds Number of £,030,000 which vaa equiva-
lont to a flat plate with a Reynolds Nuaber of 4,015,000,
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Wilson, in Reference 7, gives the relation between mean skin friction
coefficlent and Reynolds Number ac:
- 2. ¢
2g (19Cy -1 u°) ° palg,
— 3 -
o N\

=1

cin

log, o (CFR) - 0.768 log, o (1 + Co 2 2 1 Ml)a‘]

whore:
1= - 2
{ ‘z 1! hl

$
da 1 omnamre— ————

5
14y -1) w2
3

An experimental value of the temperature recovery factor (used in Refer-
ence 7) of Co = 0.88 was substituted into the cquation along with the vari-
ables given above, and the result of Cp = 0.00214 vas obtained.

Thig value of cF wag converted to the corresponding dieplacement thick-
nese by the following fundamental relations:

2]
CFHQE
and
Therefore 8 - B c
X 2% °

Tho ohape parameter H, was given by Reference 6 ac H = 8.418 for a Mach

Nuwber of 4.013. The value of 8*was tien found to be 8% _ 0.0090.
X X
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Although the valuea of 8 * for the cone and outer shell were admittedly
X
not constant along the entire ourface, they vere aosumed so in order teo avoid

complex machinlng procedurces. Alco, it was felt that the errors intreduced
by thio proccdurc would be small, due to the fact that dlstances between tie
firat ahock wave reflection through each boundary layer and the normal shock

were amall.

DETFRMINATION OF THE TOTAL ARFA

The total displacement thickneas for the boundary layer en the outer
ghell vas 0.%89 inches. Thio wao the renult of a 0,008l4 inch per inch
growth over o length of 46.6 ineheos, Thio gave & flow reglon with an ocute
oide diameter of 4.084 incheo. Therefore, the srua wug 5.283 square inches.

Ag already mentioned, the potential flow sccond throat area was 0.716
aguare inches. Since this arca was annular in form, with an outside diameter
of 4,08k inches, the inslde diameter was 3.971 inghes.

The value of %.971 inchos wao tlie diameter of the base of the l0-degree
cone uncorrectud for toundary laycer. This base diameter thercfore set the
length of the uncorraected cone to be 11.25 incheo. When the boundary loyer
correction of 0.0090 inches per inch was subtracted from the slope of the
surface of the cone, tlie bage diamcter became 3.765 inches. This left an
equivalent annular viscous flow rezion for the cone with an outoide diameter
of 3,991 inches and an inofdc diameter of 3.765 inches. The aron wad 1.25¢

cquare inchee.

The total socond throat area wue composed of the three regions above and
had a value of 7.25 aquare inches.
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AREA REQUIRED FOR STARTING

While starting, it was wooumed that the normol shock occurred in the
teat section at a Mach Munber of 4.894. At the second throat, the velocity
wad taken ao u fully developed seventh root profile with a moxioun Mach
Number of unity ocowrring midway between the curfuco of the cone end the

surfnce of the outer shell.

According to Reference 11, the ratlo of eritical arcas across a normal
ohock at Mach L.894 ia 0.0667. The nozzle throat arca of 0.570 square inches
vag divided by this value to give the uncorrected second throat arca of
8,546 oquure inchies. At the second thiroat the Mach Number was unity, if
the previous ascunmptions were corrcct. The values of the boundary luyer

shape paramoters, H and & , given by Reference 6 for a Much Number of unity
(9]
ara

H e 1.73k
g. = 10.964
Therefore,
g% B* 9 L
f=sgxg=Hx % = 0.1579

Since it vno wssumed that the entire passoge at the occond throat was filled
with bLoundury luyer, the uncorrected arca was 84.201% of the total crocs
sectional area. The uncerrected area of 8.546 square inches was divided

by 0.8421 to yicld & total area of 10.15 asquare inches. Therefore, the
centerbody retraction for starting was 3.136 inches.
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APPARATUS

Testa were conducted in the h.95-inch axisymmetric wind tunncl at tae
Balcones icacarch Center in Auatin, Texas. This is an intermittent flow
tunnel with a test section Mach Number of 4.89, Figurc 1 ghows the turr.d
circuit between the nozzle (at the extreme left) and the 6-inch pipe to
the vacuun tark (at the extreme right). The diffucer nssembly wad inetalled
a0 & permanent part of the circuit Just aft of the teat section, placing
the front lip of the diffuser 26,6 inches from the nozzle throat end the
gecond throat 46.6 inches from the nozzle. For olarity, in Figure 1 the
outer shell is ouspended below its instelled position.

The high pressure system conslated of a 100-hp four-stage air compressor
with & capacity of 14l cublc feet per minute (et stondard conditiono) und
a delivery pressure of 3000 poi. Four tanks with a total volume of 100
cubic feet made up the high preosure reservoir. The low presoure gystem
vay compooed of & 2000 cubic foot vacuum tank which was exhausted to a
minimum ebaclute pressure of 0.5 inches of mercury by five 3-hp pumpe. Ap=
proximately 20 minutes was required for the vacwum pumps to lower the vacuun
tank pressure from shutdown pressure to 1 inch of mercury.

The settling chamber pressura was controlled by o quick epening
automatic preasure regulating valve, vhich throtiled the high pressure
alr from reservoir conditiony to the desired Po. Settling chamber prescure
wug measured by a pressure gauge with an 18-inch face, showm at the extreme
right in Figwe 2. This allowed measurements to within 0.9 poi. Settling
chamber temperature was given by & thermistor installed just ahoad of the
nozzle.
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The centerbody was positioned by an indicator fastened to the
positioning rod and a scale bolted to the tunnel support frame, This
may be scen at the extreme right of Figure 1. A stop was provided on the
positioning rod to prevent travel forward of the desired centerbody location.
Tiis allowed the centerbody to be retracted for starting, and the forwurd
thrust kept the centerbody fast against the stop at all times during the run
after the normal ghock had deen swallowed.
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MET(OD

Static pressure tups were locuted along the entire sholl at in*orvals
varying from 0.2 inches near the second throat, to 4 inches at the cxireme
rear. Stotic pressure taps were also placed along the conical portlon of “he
centerbody., A total of 27 taps, 22 on the shell and 5 on the centerbody,
wao instelled in the diffuser. Table & gives the exoct locatlon of all thie
tapo. The static pressure taps were comnected to & 50-tube wanometor boayd
shown to the left of center in Figure 2. Data were rocorded by a photogrand
taken of the manometer board each run at the time that the normal shock
wvave wvos located in tho second throat. Figure j 1s a typical photegraph of
the manoweter boord, taken during a run with the centerbvody in design
ocperating position.

Rung were made wlith the centerbody near starting poaition, near the
design operating position, and in the mest forwayd position. In each case,
a photographic record was made of the manoreter toard. Running time,

Po’ and To were aloo recorded,

To determine the effenta of the test section obstructions on the
performonce of the diffuscer, runs verc wnde with n probe, a swrvey ruke,
and a flat plate in the teot scction., The oliunk of the probe var a .095-
inch diametor tube, and the offcets of threc different deptha of penotration
vere determined, The osurvey roke wag approximately 1/8 of an ineh thick
and 3/L of an inch vide, with front and rear total included angles of 60
degreea. It oxtendod across the entire diaweter of the test gcction. The
flat plate waa 90 inches long, 3/8 of en inch thick, und also extended
eoross the test section. For each condition, the optimum centerbody
location wan found, and the running time for this position vas recorded.
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P
An attempt woe made to determine the value of ig ; the prneoure rati-
P
o .

requirced to operate. This was done by exhausting into the atmosphere and
monually raisir- che aettling  Lavee presswre to that required to ghirt,
A0, e e ndTUcuion of the prussure regulating syutem prohibited
prevewred greater than 300 psis, which was not enough to start the tunnel.
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DISCUST .ON OF RESULTS

Ao Statir 70 _xe Tests
1. Ggneral Brror

All data taken during theac tests were subject to certain inlierent
sowrceg of error. One of these was the effect of propagation of disturbdances
by the boundary layer. The subsonic portion of the bouhdary layer mey,by
thls effect, permit pressure disturbances to ve propagated upstream in an
othervise supersonic flow. Also, & small error in measuring static prossure
may cause a gseriouy error in Mach Nurbers indicat:d by pressure data.

Another source of error stemmed from the time required for the manometer
board to stabilize. Since static pressures aft of the second throat ine
creased continuoualy during the run, it may be expected that recorded date
did not accurately represent the exiasting static pressures. To help correct
this conditlon, several sets of data were taken for most centerbody
locations while the normal chock wave was in different positinne. Pressures
upstrcam from the second throat were taken from data recorded while the
norral shock was located slightly dovnstream of the socond throat, and the
preoouns downstream from the second throat were token from data recorded
& geeond or go after the normal shock had passed through the second threat,

Preliminary runs showed that the diffucer was very sensitive to the
gymmetry of the oystem, and therefore it vas deduced that a slight cc-
centricity in the centerbody elignment might seriously alter the diffuser
rerformance. To chock conterbody alignment, runs were made with it rotated
90 degrees and 180 degrees clockwise. Since no effect of the rotation could
be detected from static pressure data, 1t vas assumed that the alignment was
sulficiently correct.
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2. Pressure Ratio Required to Start

Since the conutruction of the pressure regulating valve prevented
gettling chamber pressures higher than about 300 paig, the tunnel was
never able to start vwhile exhausting into atmospliere. Reference 5 indicoues
thot the minimum pressure ratio required to atart tae 1.5-inch twoe- dimen-
gional tunnel reported on was about 21 at an area ratio of 1.35. This
indicatco that the tunnel described inthie roport may ostart with a presavre
ratio slightly higher than the maximum value of 22.6 obtained in thege
teats, With the previous diffuser, the tunnel could etert with a presoure
ratio of about 19 at an arcae ratio of 1.%5. The vetter starting performance
of the original diffuser was in part due to the enovrter distance between
the test section and the second throat, 6 inches us compared to 26 inches
on the variable geometry diffuoer. This meant far less skin friction drag.
Since the diffuser acts as o oubsonic diffuver while the tumnel ie starting,
the original installation with its 3-foot slightly divergent channel wag
undoubtedly more effective than the variable geometry diffuser with its
6-inch slightly divergent section.

3. Pressure Ratio Required to Operate

The beot mcasure of the performance of o “iffuser is the preeswure
ratio, PO/PG, required to operate tho tunnel circult. TFigure 7 shows the
offcct of arca ratio at the sccond throat on pressure ratio required to
operate. Also included are data from the most efficient run reported in
Reference 5. The curves are displaced from one another because the viocosity
effects are more pronouncad in a smaller tunnel such as the one used by
Goldbaum (Reforence 5).

Bince wind tunnel teuts ore seldon wade vith empty test sections,
it io important to have scme knowledge of the 4iffusor performance while
cbetructions are prevent in the test section., Therefore, runs were i..de
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with a 0.095-inch diameter probe, & survey rake, or a §.0-inch flat plate
installed in the test section. The probe had little effect on the over-all
performance when extended only an lnch from the wall, However, vhen it

was extended 1.75 inches and 2.5 inches, the pressure ratio required to
operate the tunnel was more than douvled, This indicates & serious flaw in
the operation of axisymmeiric tunnels. The rake, which extended acrosa the
entire teet section had little more effect than the probe when extended
1.75 inches (approximately 40% of the dlatance acrous the tunnel), Thic way
have been caused by the streng, detached bov shock from the clrcular cross
gsection of the probe while the wedgew-shaped lending edge of the rake created
& much weoaker attached shock. The vccond throat arca ratie of 1,20 with the
diffuser in the fully retracted position, approximately & inchea rearward

of design operating positlon, was too great to pormit the shock to be
gwalloved while the flat plate was installed. Therefore, little can be said
about tunnel performance with this model in the teot scction. Figure 17
gsiven atatic pressures as a function of the distence from the nozzle. It
shows that the normal shock is located womevhere bvetween tho ond of the

teat cection and the front of the centerbody. BStatic pressure data from the
pressure taps on the flat plate appoar to be unaifected by the fact that the
normal shock had not been completely owallowed.

The dota uwocd in plotting the curve shown in Figure 7 were not obtalined
by direct mensurement and, therefore, should not be considered exact.
Because of difficulties encountered in cocurately measuring vacuum tank

pressure at shutdown, the following procedure was uced to obtain data chown
in Figure 7. Running time and centerbody position could be measured with

a reasonable degree of accwracy co Figure 8 wus used as the basis for this

analynis. The centerbody locationa for the data shown in Figwre 8 were con-
verted into sccond throat area ratics by means of Figwre 9.

Since the preassure aft of the second thrcay vere constanily dropping,
the manometer board lag time prevented accurate r..aings frow being made at
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the instant the shock pepped trnrough the senen? tiwent, The vacuum : ..1ps
lovered the vacuum tonk pressure some dwing the time required for tle
nanométer board to stebilize after shutdown; this prevented an accurate
reading of Pe from belng made after shutdown. To correct this condition,
pressure readings vere taken both before and after ghutdown, These datn were
plotted in Figure 10 as running time, ve. shut-down presowre ratvio, Pc/?o'
The point at zero running time was calcuwlated by assuming an initial vacuum
tank pressure of one inch of mercury and o settling chamber pressure of 94,9
poia, or 82.5 paig., A smooth curve was drawn through these data points, and
1t woo sooumed that the curve, not the data, was correct. The running tine »f
the data shown in Figure 8 were converted into pressure ratios by means of
Figure 10, The values thus obtained were plotted ag area ratlo, A/A9, VB
pressure ratio, Po/Pe’ to yield Figure 7. This procedurs assumed that
vacuun tank temperature was a function of time only, and was not affocted by
tue conterbody location or by a model in the test cection.

4y, Bffeect of Area Retlo on Static Preassure

Figures 11, 12, 13, and 14 show the effect of area ratio on static
preagure. A wide scatter of date points in the reglon ghead of the sueond
throat was evidenced in all cases, This vas cauged by the shock pattern,
gince points on the shell and on the cone occurring at the same area ratio
were geparated by a shock wave and hence, had different static pressurca.
All curves have approximately the same form, but are dlsplaced, and changed
in gize according to the maximum arca ratio, Figure 1l shows all pressure
data plotted in nonedimensional form. TFor each centerbody setiing, the
local presoure data were divided by the second throat area to yield the
contraction ratios., Figure 12 illustrates the gain in presswre recovery
that woo obtoined by making the centerbody moveble., The data correspond to
the optimum operating position (centerbody 4,88 inches forward of design
operating pooition), the maximum area ratio that would allov starting {center-
bedy 2.75 inchea rearward of design operating positicn), and design starting
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pouition (centerbedy %.03 inches rearvard of design operating position).
Aluo included in Figure 12 is the curve {roum Figures 13 and 14. Figure 13
shows data frcm rune made with the conterbody located 0.1 inch forward and
0.1 inch rearvard of the design operating position, while Figure 14 showa
data from rung wade with the centerbody in design operating position. The
proxinity of duta from these rung illustrates that pressure data were not
greatly affected by small changos in centerbody location,

In wll cases, the erea ratlo woe defined as the mean test section area,
15,50 nquare inches, divided by the area in questlon. This was done to be
conalotent with data presented in Reference 5.

Although the naximum pressure recovery reported wao obtained with the
centerbody located 4,88 inches ahead of desipn operating position, it wus not
proved that this area ratio gave the bost possible presoure recovery. However,
since the centerbody was at the forward end of ite travel in thig position,
teotas could not be made with greater area ratios.

5. Static Pressure Distridbution wlth Diffuser
in Desirn Oporoting Position

The agreement betveen theoretical und measured stutic pressure data vuo
quite good in front of the bow shock frum the centerbody. However, this wus
not true aft of the bow shock. Discrepancies start immediately aft of the
bow shiock and grov progressively werse downstream. This was anticipated due
to the fact that the tueory did not take into account elther the entropy rise
or the energy loss due to viscous friction in the boundary layer. Figure 15
@lves the otatic presswre rutlo, P/PO, aloug the cnilre length of the diffuser
shell and along the conical portion of the centerbody, and Figure 16 gives
the area ratio along the entire length of the difiuser. At the scoond throut,
the ctatic pressure ratio 18 0.008% on the shell and 0.0125 on the centerbedy.
If the pressure is agsumed to vory linearly across the second throat, an
avarage pressure ratio of 0.0105 ls established.,
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Since the cowpreegion process between reglons 1 and 9 (Figure §)
lies somevhere between an isentropic compression and ornc obtained acrosd &
oingle otrong shock, it is possible to calculate an aprroximate second
throat Mach Number from static presoure data. The isentroplc Mach Musber,
i.¢. that Mach Nurber corresponding to an isentropic expansion from the
gettling chamber presoure to the pressure in questien, for the sccond throat
vos found to be 3.66. The ratio of second throat pressure to test section
precoure wao 4.96, which established the hypothetical shock angle as 25.4
degrees. This, in turn, cotablished the {low deflection to be 15.8 degreos,
and, therefore, the Mach Nunber was 3.36. It nuy be then concluded chat
the second throat Mach Mumber was between 3.35 and 3.66.

Equating the moso flow through the nozzle throat to the mass {lov
through the second throat, and aoouming as iventropic compression, the
potential flow ueccond throat area required was found to be L,U9 square
inches. Oimilerly, assuning compression by one utrong shock, the potential
flow cecond throat area required wvas found to be 5.00 square inches. Since
the total wecond throat arca was 7.25 square inches, the total arca occup!ed
by the boundary layer displacement thickness on the centerbody and shell
was between 2,74 oquare incheo and 2.25 oquare inches. Since nothing io
knowvm about the actual distribution of the boundary leyer between the cone
surface and the ghell swrface, this is the furthermost point to which this
approximate analysis can be carried. However, it appears that the ascwmption
of conatant boundary layer prowth after reflected siecks coused far greator
error when applicd to the shell than when applied to the centorboedy.

An asttempt was iide to determine the diffuser shock pattern. It vas
impogssible to cstabliali the exact location of each shock reflection lLecause
of the tendency of the boundary layer to transmit pressure disturbances
upstream. Flgures 1k and 15 clearly show the effect of a shock pattern
aft of the second throat., This shock pattern appears to retain full strength
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for about 9 incheg, whereupon it gradually decrecses in strength and ceases
in about 5 more inches, This indicated that the 6-inch slightly divergent
pagsage wag not sufficient to allow complete transition to subsonic flow.

ATt of thia, the presgwure drops off graduslly, either as a result of viscous
drag in the boundury layer or as a result of drag from tlle conterbody supporte.

B. Tegto tw Determine Lenpth of Rung

1. General Errors

All teats were made with an inltial vacuum tank pressure of
approximately one inch of mercury and o settling cbamber pressure of 82.5
psig. Running time was started ‘ien the valve started opening and ended
vhen the shock popned through the second throeut. When the centerbody was
located several inches aliead of design opusating position, this made a very
andidle wiolwebnuges However, wian the centerbody was retracted, 1t vas
very difficult to tell wien the shock ponped through the second throat,

This introduced & possible source of error of several sesonds on the onorter
runz, Algo present wus the poossibility that amall leaks in the aystem might
cauge boundury layer thickening in the region aft of the leak and create a
reduction in diffuser eificiency. This would, in turn, causc a reduction
in running time. &Since 1t wan improbable that &ll leuke in the nysteam were
conplctely climinated, all valucs of running time wore undoubtedly cubjeuct
to this exror,

2. Effect of Centerbody Location on Running Time

Figure 8 shows the effects of centerbedy location on running
time. All data were taken with the vacwum punps operating during the ontire
run, Reference 5 indicates that the curve would btresk sharply downward if the
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optimua crea ratio were exceeded. However, the construction of the center-
body prevented teots wlth area ratios grecuer than 3.03 from being conducted.
The maximum deviation of points from the line was about 4% This was lceoa
ecatter of points than was expected, oconsidcring the accuracy of the measwre-

mento.

3. Effectsof Tegt Section Obstructions on Running Time

Since vacuun tank pressure varies approximately linearly with the
lensth of the run (Figure 10), the remarias made aboubt trne effects of the
teat section obstructions on pressure ratio required to operate apply liere,
also, The running times with the probe extended 1.75 inches and 2.5 Inches
into the test section were so short as to make it questionable whether or
not probve data could be obtained. The remedy probably lles in the redeaign
of the prove, i.e. use of a double wedje crovs section, instead of a rodesign
of the airfuser.
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CONGLUZTONS

The theory used in the deusign of this diffuser predicted a Mach Number
of unity at the second throat instead of the value between %.3%6 and 3.66
indicated by statlc pressure data. This discrepancy wes causcd partially
Ly the entropy rise in the boundary layer and partially by an error in the
predicted boundary layer growth. Previous total presoure surveys indicated
that the boundary layer correction of dS#/dx = 0.00814 applied to the
gurface of the nozele and test section was correct. Therefore, it wny be
asaumed that this correction was valid along the entire region between the
nozzle and the firgt roflection of tle bow shock from the centerbedy. Since
the thickness of the boundory layer on the centerbudy was not large cnough
to cause an error of the observed magnitude, it appears that the growth of the
displacement thickness of the boundary layer on tne outer ghell was less than
the assumed rate of increave after the [irut reflected shock. However,
the exact beliavior of the boundary layer in the reglon aft of the s.ock
reflection could have been found only by extensive boundary layer surveys,
which time did not permit.,

In opite of the limitations of the theory used in this deoipgn, falrly
sood results vere obtained. Figure 8 lllustrates that the deslgn conterbedy
location appewss to be the beot for elther the 0.095-inch diameter probe
or the swrvey rake woed in those tests. However, with the {lat plate
installed, supersonic flow could not be egtabliched in the entire region
ahead of the second throat. This indicates the need ol a smaller centerbedy
or a reduction of the distance between the test section and the second throet
to reduce losves from viscous friction.

The pronounced eficct of test section obstructions on optimar area
rotlos indicates that no single difluser desipn will be best for all model
configurations. However, a great gain In running time, may be obtuined by
uge of models that are sualler than thoce used ln thesa testa,
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Throughout the testa, the centerbody wias positioned manually. It was
retracted to the starting pooition and advanced once the ohock had been
avallowed. Although the forward thrust on the centerbody varied according
to the centerbody position and the model in the test section, it was at all
times more than that required to overcome the friction in the pressure seal
on the poaitioning rod. However, since the forward thrust was found to be
sufficient to force the centerbody lar enough forwvard to choke the tunnel,
& stop must be provided if the operation is teo be fully cutomatic,

This report has been distributed In accordance with

the 1liot for Aercdynamics contained in APL/JHU, TG 8 - 11, dated Novembor, 1¢53.
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Part 2. CENTERBODY RETRACTED 3.03 IKCHES FROM
DESIGN OPERATING POSITION
TEST SECTICN EMBTY

Station Average Static P P Are; Ay ﬁﬂ
Reading Preasure P P —_
in.hg.abs. ° e in A A
21 48,80 W18 00218 ,0415 16.ho L5 607
02 %8.80 418 .00218 JOh1% 16.69 ,929 596
23 38.80 W18 .00218 SN 17.04 .90 504
pall %8.80 W18 00218 NoTRN,) 17.28 897 Y]
25 38.80 118 00218 LUl 17,19 902 578
- 06 58,60 g 00218 L0U15 16.78 o2 593
Ll Z8.%9 .828 0032 L0822 16.76 .925 594
27 38.80 J418 .00218 L0hly 15,73 985 632
28 38,80 LL18 .0021.8 L0l15 14,92 1.039 667
L 38,40 118 LOCh26 0810 14.68 1.056 678
29 38.77 Lui8 00234 U5 15.23  1.172 753
30 38,52 .698 00364 .0693% 12.61  1.229 189
3 38.52 698 00364 .0693 12.35 1.255 .806
32 38,28 .828 .00k 36 L0828 11,77 1317 ,8ks
53 28,19 1.028 L005%6h ,1020 11,20 1.409 .905
T %8042 .798 00416 0012 10.25 l.k29 018
L% 38.60 618 .00%22 L0613 10.37 1,495 .962
hB* 8,72 o8 .002 260 L0405 10,10 1.535 989
55 35.97 3,048 .01693 322 11.18  1.386 93
36 34,95 4,068 02225 423 12.28 1.262 813
37 25,72 5,408 02866 HU6 13.50 1.067 687
38 32.50 6,718 L0%502 Nvas 15.72 .986 635
%9 30.50 8.718 LOlshY 565 16.85 .920 592
Lo 29,34 9.878 ,05149 .980 2750 56N +363
b 29,14 10.078 05253 1,000 28.18 +550 354
42 29,31 9.908 05465 983 8,18 +550 .35k

Second Throat Area m 9.98 Square Inches
Reference = 39,218
Po = QU.40 psia

* Pressure Taps on Centerbody




Part 3.
Station Average
Reading
21 38.79
22 38.80
23 18.79
2y 38.79
25 58.78
26 %8.80
bl 28.%2
27 %8.60
28 38.80
L5# 38,39
29 38.54
50 38.02
31 38.42
%2 38,28
LG* 38.40
33 38.10
54 57.30
L% 58.60
L 8% 38,50
35 35.80
3 34 .60
37 35.02
38 z1.9Y
39 2995
4o 28.88
41 28.7h
42 28.82

40-

CENTERBODY RETRACTED 2.75 INCHES FROM

DESIGN OPERATING POSITION

TEST SECTION EMPTY

Static

Pressure
in.hg.aba.

429
A2l
427
427
A37
RN
-897
A17
417
867
637
<797
0797
937
817
1.117
1.917
-617
L7
3.417
h,617
5.997
7.277
9.267
10.337
10.477
10.397

rotd

.00219
L0021k
,00219
L00219
00224
.00?1 ‘l
L0055
L0021
0021k
L00Lhh
.00326
.00k08
.00h08
L00h50
00418
00572
.00981
,00316
00367
,01749
,02364
.03070
03726
L0U7hS
09292
05364
05323

Second Throat Area = 10,56 Square Inches

Reference s 39.217
Po s 95.90 peia

*Pressure Taps on Centerbody

Jirg

.0ko8
+0L08
.0ko8

0418 &

oo
0942
.0k00
,Cho0
0828
.0608
0762
L0762
.0896
L0781
.1068
1830
.0589
L0701
.326
Ol‘hl
572
696
865
.88
1.000
993

Ares
in

16.40
16 -69
17.04
17.38

“.17.36

17.04
16.85
16.32
15.65
lll 078
14,15
14.62
15.40
12.90
12.53
12.21
11.4Y
11.10
10.68
11.18
12.61
13.89
15.77
16.85
21,50
28,18
28.18

:"ll—-'

9L5
929
910
.898
.893
910
o920
1950
990
1.049
1,099
1.1k2
l ) 157
1.202
1.23
1.269
1.354
1.396
1,451
1.350
1.229
1,116
983
920
. 721
+550
+550

>

.648
.632
619
611
608
619
. 627
H47
674
AL
JThé
q18
7688
. 33.9
* 81‘ h
865
923
.951
. 989
.620
.878
. 760
670
£27
+ h 91
375
I35




41

Part L. CENTERBODY RETRACTED 0.1 INCH FROM
DESIGN OPERATING FOSITION
TEST SECTION EMPTY

\ -

Station  Average Static P P Area 1 ﬁfl
Reading Pressure Po Pe e Iy
in.hg.abs.
21 %8.83 403 00216  .0301 16.3k 949 457
22 38.8% 103 00216 L0301 16.69 .929 437
23 58.82 Lh13 00221 ,0307 16.98. 913 430
pal] 38,82 k13 00221 L.0307 16.68 929 LY
Lhw 38.38 853 L00uN7 L0621 16.40 .oh5 BT
25 38,83 o3 .00216  .0301 16.03 967 455
26 38,83 .ho3 00216 0301 14Uk 1.073 505
L5 %8,%9 843 ,00kk2 L0613 14.3% 1.080 508
27 28,31 923 LO0U83 0652 12,03 1.288 607
o8 38.02 1.213 L0063  .0876 11.03 1.4k05 662
L6 %8.44 .793 00416 L0578 10.87 1.426 672
29 37.80 1.433% L00Thl  ,1035 &.58 1.807 851
U7 % %7.10 2.133 01092 .1528 7.90 1,582 Ralals
30 37479 1,443 ,007h9  .loh2 7 .67 2.021 552
L8« 36.68 2.55% 01317 1820 7 .42 2,089 085
31 Sccond Throates wecesw  auems - 7.42 2,089 985
32 45,43 3.017 02016 .280 7.78 1.992 .0%9
33 34,52 h.827 02472 L343 3430 1.867 879
54 3%,40 5.907 L02513 L%h9 8.70 1.782 8he
bP) 50.97 8.5717 Oh289 597 . 9.82 1.578 743
36 28.45 10.897 05580 116 11.3k 1.367 6kl
37 26.66 12.687 JO6h96 007 17.52 1,146 51 To)
38 26,12 13.187 CE152  .9%9 197k 985 RT3
39 25.57 13.977 07157 .99k 22.56 781 ‘3’(1
40 25,28 1k, 087 L07203 1,000 28.18 350 D59
42 25.ko 13,947 L0711 .992 28.18 550 259
42 25.53 13.817 07075 983 28.18 550 .259

Second Throat Area = 7.30 Square Inches
Before Sccond Throat, P = 95.89 psia; Reference = 39.2)F
After Second Throat, P 0" 95,89 peia; Reference = 39,347

sPresoure Tapa on Centerbody




Station

21
ae

23
24
Ly %
25
Ly #
26
27
LE »
28
29
L7 %
L8
30
31
32

33
3k

35
36
27
36
79
Lo
Ly
L2

Part 5. CENTERBODY ADVANCED 0.1 INCH FROM

Lo-

DESIGN OPERATING POSITION

TEST SECTION EMPTY

Average Static
Reading Pressure
in.hgz.abs,
38.85 07
38.85 07
38.82 A37
38.85 407
38 . 38 0877
38.85 07
38.40 857
38.85 407
38.30 957
38.48 ST
37.98 l.277
36.77 2.487
27.10 2.157
36,68 2.577
6.7 2.487
Second Throat--
6.57 2.687
35.85 3,407
5h .72 L.557
31.52 T.757
29.00 10.257
26,92 12,3577
26.51 1200
25,49 13.767
25.38 13.877
25.50 13.757
25.58 13.677

P

Fo

002095
002095
.00225
002095
00451
002095
00U L1
002095
,00493
.00h00
00658
01280
01110
013526
01280

.070k0

Second Throat Ares = 7,17 Square Inches

Reference = 39,257
Po & 95,390 peia

*Pressure Taps on Centerbody.

e

[}

,029}
L0294
0315
L0204
06731
L026L
0817
024l
L0092
6560
0920
1793
1540
1870

Arca

16.34
16.69
16.93
16.62
15.38
15.68
1k,30
14,22
11.97
10.85
10.72
8.25
7.81
7.32
7.32
7.17
7.69
0.02
8.72
2.76
11.32
1%.29
15.5)
23.0
24,18
28,18
28.18

Jis2
<502
. 50“
+598
.661
668
.863
912
977
77
1.000
942
872
822
W73k
633
D3y
162
312
.25k
«254
.254
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Part 6. CENTERBODY ADVANCED L.88 INCHES AHEAD OF
DESICN OPERATING POSITION
TEST SECTION EMPTY

Station Averapc Statie P

P -
Reading Preswure F F, Area Y fg
in.hg.abs. A A
21 38.82 431 ,00216 .0210 16,00 ,95) V313
o0 78.82 L3y 00216 0210 16.11 945 310
Lh# 38,18 1.071 00537 . 0520 15.82 .980 322
23 38.80 ausl 500226 0220 lh n72 10053 o3‘l|’,’:
45% 28.35 .901 .00k52 0390 13,71 1.131 372
2l 38.80 R 00226 0220 12.75 1,216 599
L6 * 38.40 951 L0077 .0Lgk 10.2% 1.512 497
25 77,78 1.h7 00738 0718 10.08 1.538 505
b7+ 38,55 2,701 013555 1318 7.30 2.12% 697
26 37.35 1.901 00954 0927 6.80 2.279 L8
hox %6.23 3.021 01515 RIS G.72 2,307 159
27 36,60 2,651 01330 1293 6.12 2.53% 832
28 35,48 3771 01891 1840 5.86 2,645 .869
29 35.33 3.921 01967 1012 543k 2.903 953
30 25,20 h,on1 020732 197 5.5 3.001 985
1 Second Throgtee=e = caanew ceceaa 5.09 3.045 1.000
12 28.853 10.40L 05216 407 5.56 2.788 015
33 25,07 13.961 07002 601 6.42 2,41k 9%
3k 22,10 16.74%1 .08%9L .816 7.36 2,106 692
3% 19.00 19.3%1 +09695 943 9.35L 1.645 TN
36 19.45 19.75) 09906 063 11.35 1.366 Lih8
37 13.71 20.521 10292 1.000 19.18 808 265
38 16.83% 20,401 .102%2 994 2645 586 192
39 18.82 20,411 ,102%7 <994 28,18 550 181
Lo 19,793 20.451 10257 995 28,18 550 181
41 18.776 20,471 10267 996 28.18 550 181
-3 18.76 20.471 10267 996 28.18 550 181

Second Throat Area = 5.09 Squere Inches
Before Second Throat, Reference = 39,251; Py = 97.90 paia
After Second Throamt, Relerence = 39.271; Py = 97.90 psia

#Indicates Pressure Taps on Centerbedy.



Part 7. DIFFUSER RETRACTED 5.97 INCHES FROM DESICN OPERATING POSITION

Flat Plate Installed in Test Section

Ctation Distance Reading Static P
From Nozzle Pressure 1
Throat -« In. in..g.abs. @
1 2.86 35,50 %.374 0171
2 5.86 36.78 2.094 0106
3 L.88 37.53 1.54k ©L,00783
L 5.87 37.16 1.114 00565
5 €.06 %7 A4 1,004 .00%%9
6 7.86 7,97 90U 00458
7 8.85 23.11 JIHU 00387
3 9.87 78,21 . «66Y 00357
9 10.86 %8.%0 574 00201
10 11.36 *8.3% .5hk 00276
11 12.38 ¥8.%7 .50l 0296
12 13.87 38.39 A8Y 00245
13 1%.88 28.4p sy .00230
1Y 15.85 2342 sy .002%0
L 3 19,00 48,42 R .002%0
15 19.4% 48,50 : 374 .00190
Lhw 20.00 20.2% NI .00%26
16 20.97 38,49 Jigl ,00215
L5% 21.50 28,049 Wh2y 00215
17 21,74 38.42 sl .00230
18 22,84 38,57 504 00256
L6w 2%.00 . 33.45 J2h 00215
19 24,03 28,82 554 00331
e 24,50 3,41 RTAN 00235
20 25.17 37.68 1.194 +00606
21 20.62 37.10 1,774 00900
22 42.62 25,61 2.26Gh L61148
23 55.62 36.02 2.654 L0147
2l 37,62 45,27 3,604 01776
25 59.62 34,70 b,a74 L0021
26 L1.62 33.05 h,0ey L0245
27 Lj.52 5% .80 PN ,0288
28 yL,he %2.90 s 2T ,03%03
%0 L4.46 3214 6,73 L0372
71 h6.62 32.19 6.684 0339
32 h7.62 32.03 6.844 03h7
33 L8.62 31.93 6.94k .0352
3y 49.62 31,78 7.094 0359

*Preauwre Tapo on Flat Plate



Part T continued

Station Distance
From Nozzle
Throat - In.
35 5L.62
36 5’3 062
3 55 .62
38 57.62
39 Go0.62
Lo 63.62
L 68.62
kg 72.62

Second Throat Avrea = 13,00 Square Inches

45

Reading

31,81
31.92
31 '68
51.49
339
31.38
31,03
31.02

Reference = 38.874; Po * 98.6 psia

Static
Preosure
in.hg.abs.

7.064
94
Qo
e
&4
2
by
54

g

.

F ol

v

R, I P PR =Y

s.2X0s]

»

oitg

,0358
0352
0365
L0574
+0379
0380
0397
.0398
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Part 8. END PREZSURES FOR VARIOUS RUNNING TIMES

Running Pe P P Source

Time in. hg. abs ﬁg '152

Seconds e ¢ DPala o
0 1 95,8 +0050 i Initial Conditiors
38 10.1 gl.y .0525 Part 2 Station 4.
Lé 12.8 96.9 0520 Recorded After Siut Dovn
L6 13.9 95.7 0711 Part 1 Station 40
50 13.4 96.9 +0679 Recorded After thut Dovn
50 15.8 96.4 .0703 Recorded After Shut Down
52 12.4 90.4 L0587 Recorded After Shut Down
52 13.4 96 .4 .0683 Recorded After Shut Down
84 20.47 97.9 1027 Part 6 Station L2
87 20.8 97.k .1038 Recorded After Shut Dow.
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Part 9. GENERAL PERFORMANCE DATA FOR VARICUS
CENTERBODY LOCATIONS

Centerbody Max. Arsa Ruaning Time DPreasure Pressure Reuarks
1 Ratio, Seconda Ratio, Po/Pe Ratio Req'd
Location By /ag (trom Pig. 9) ;o/gperate
e’ "o
'2 .00 l 072 32 -Oh6 21 -6 Tunnel
EI.':pty
Enpty
0.00 2.14 kg 042 16.1 Tunnel
Fmpty
+0.40 2.18 50 0067 15.0 Tunnel
Enpty
+0,50 2.19 52 069 4.5 Tunnel
Expty
+0.,60 2.20 52 069 4.5 Tunnel
Enpty
+0.64 2.21 50 067 15.0 Tunnel
Empty
+1.50 2,33 56 073 13.7 Tunnel
Enipty
2,50 2.50 68 086 11.6 Tunnel
Bupty
+4 00 2 082 75 0095 10 .8 Tunnel
Empty
+h,88 3.03 8l .102 9.8 Tunnel
Empty
+4,88 3.03 87 104 9.6 Tunnel
Bupty
0.0V 2.13 35 049 25.6 Swrvey Rake
Inntalled
0,00 2.13 22 033 30.3 0.095" Dia,
Tube 2 !
inch pene-
tration
0.70 2.22 30 O0k% 23.3 0.095" Dia.
Tuve 1 3/k
inch pone~
tration
L.88 3.03 60 078 13.0 0.095" Dia.
Tube 1 inch
penetration

Py = 95.8 pata; T a 60°T
Initial Vucuuw Tank Presoure w 1 inch of mercwry
l(inches ahead or designed oporating positicn)
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TABLE IV LOCATION OF STATIC PRESSURE TAPS

1. TAPS ON SHELL

Station Distance Distance From Inside Diameter
Number From Lip Nozzle Throat of Shell
of Diftuwaer
Inches Inches Inches
21 3.00 29,62 4,561
22 6.00 32 .62 4.610
23 9.00 315,80 k659
2h 11.00 3T .72 4.691
25 13.00 39,52 4,721
26 15.00 41,452 4.757
27 16.90 b0 4,787
28 17.80 U e 4,801
29 19.37 15,99 4.8t
50 19.84 : 4615 4,835
31 20.00 hé. 02 4.838
32 21.00 47.02 4.956
33 22,00 46,62 5.07%
34 2%.00 40 62 5,191
35 25.00 5162 5.426
36 27.00 5%,62 5.662
37 29.00 5.462 5.897
38 42,00 57 .60 6.1352
39 34,00 60 . 6.250
4o, 57.00 7.02 6.250
L 42,00 63,62 6.250
,-12 hG 0 72.62 60250
2, TAPE 7 oY
o Distance From Base Diameter of
FRTIRTIR of Cone (Meagured Centerbody
Along Surface)
Irchen Inches
Ly 8.10 1,091
) 5 06 2.090
Lé l1.22 5363
47 0.35@ 3.649
L8 0.079 3774
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|5~
02f 7
ol.. - PN . B e s D I )
o o2 04 06 o8 o 2
PRESSURE RECOVERY RATIO, &
e
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